Residential dust has been used as a medium for assessing human exposures to a constellation of indoor contaminants including radionuclides, persistent organic pollutants, metals, allergens, and tobacco smoke. Here, we review and comment on investigations of household dust levels of particular analytes of health significance, namely polybrominated diphenyl ethers, polychlorinated biphenyls, and polycyclic aromatic hydrocarbons. In doing so, we not only describe methods for collecting and analyzing residential dust, but also describe global patterns in dust levels. Aside from geographic location, we discuss several potential determinants for dust levels of these contaminants. We also review previous estimates of the contribution of dust to overall intake of these three chemical classes and show how residential-dust measurements could be useful in either augmenting or replacing questionnaire-based assessment of human exposures in epidemiological studies. We conclude our review with a discussion of the current gaps in knowledge of worldwide dust levels and suggestions for how residential-dust measurements could be used to describe human exposures to chemicals in developing countries.
Introduction
Concentrations of chemicals measured in residential dust could be useful surrogates for indoor chemical exposures.
Quantitative measures of indoor contamination should allow epidemiologists to estimate chemical exposures more precisely than qualitative measures based on questionnaires, and therefore, these measures should allow epidemiologists to observe true associations between exposure and disease more effectively. However, in practice, few epidemiological studies (Lanphear et al., 1996; Gammon et al., 2002; Colt et al., 2005; Meeker et al., 2009; Ward et al., 2009 ) have employed chemicals measured in dust as exposure surrogates.
Since persistent chemicals collect in dust over years and decades (Roberts et al., 2009; Whitehead et al., 2009 ), residential-dust chemical levels can be long-term measures of indoor chemical contamination. Indeed, the integrative nature of dust measurements is one advantage of using dust as an exposure medium. Air and biological levels of chemicals can vary substantially over time (Lin et al., 2005) . As a result, a single air or biological measurement may not accurately represent mean exposure levels for a subject (Rappaport and Kupper, 2008) . Moreover, current air and biological measurements may not reflect past exposures. As chemicals measured in residential dust represent average levels of contamination over long periods of time, dust levels may be more useful for retrospective exposure assessment. Collection of dust samples is also less invasive than the collection of biological material.
Although numerous chemicals have been measured in dust from several indoor microenvironments, our review will focus on reports of three chemical classes know to be hazardous to human health; polybrominated diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) measured in residential dust. PBDEs, PCBs, and PAHs are particularly suitable for measurement in household dust because they have indoor sources and persist in the indoor environment. PBDEs have been used as chemical flame retardants to treat textiles and plastics in consumer goods (U.S. Environmental Protection Agency, 2010). PCBs have also been used in a host of consumer products, including fluorescent lights, televisions, and refrigerators (Agency for Toxic Substances and Disease Registry, 2001) . Despite international regulation of both PBDEs and PCBs, these chemicals persist in the indoor environment. Similarly, various forms of indoor combustion, including cigarette smoke, wood-burning fireplaces, and gas appliances, are sources of PAH in residential microenvironments (Agency for Toxic Substances and Disease Registry, 1995).
Chemicals in dust can enter the body via inhalation of reentrained dust particles, via inadvertent ingestion after hand-to-mouth contact, or via direct absorption through the skin. For some individuals, notably children, dust likely contributes a substantial portion of the overall intake of PBDEs, PCBs, and PAHs. Thus, the concentrations of these chemicals in dust are particularly relevant in epidemiological studies.
Previous investigators have reviewed the use of dust as a medium for measuring chemical contamination in the home (Butte and Heinzow, 2002; Maertens et al., 2004; Roberts et al., 2009; Harrad et al., 2010a) . Here, we review global patterns in dust levels, determinants of dust levels, and estimates of the relative contribution of dust to overall chemical intake for PBDEs, PCBs, and PAHs. We focused exclusively on studies that measured chemicals in residential dust and omitted reports of chemical dust concentrations measured in other microenvironments, such as schools, daycare centers, offices, public buildings, or automobile interiors, or in other media, such as soil or sediment.
Investigators generally sample residential dust by obtaining dust from subjects' household vacuum cleaners or by collecting dust from floors (or other surfaces) using a standardized vacuum cleaner, such as a high volume surface sampler (HVS3). Collecting dust from household vacuum cleaner bags eliminates the need for an in-home visit by an investigator, which reduces study costs and minimizes the invasiveness of home sampling. In contrast, collecting dust with a standardized protocol allows investigators to know the location and time of dust collection. In Asia, investigators have opted to collect dust from household surfaces using a brush or broom (Kono et al., 2007; Tan et al., 2007a; Li et al., 2009; Tue et al., 2009; Huang et al., 2010; Wang et al., 2010) . For example, Tan et al. (2007a) collected dust from the upper surface of a fan blade to measure room-wide contamination.
Researchers have made direct comparisons between chemicals measured in dust taken from household vacuum cleaners and dust collected using a standardized protocol in the same house (Colt et al., 2008; Allen et al., 2008a; Bjorklund et al., 2010) . Two studies (Allen et al., 2008a; Bjorklund et al., 2010) found that PBDEs measured in matched samples of interviewer-collected dust and household vacuum cleaner dust were moderately correlated and that household vacuum dust had lower concentrations of PBDEs than interviewer-collected dust. Certainly, dust collected via the two methods are different; household vacuum cleaner dust may represent contamination found in several rooms over periods of months or years, whereas interviewercollected dust provides information about contamination that is specific to one room and a shorter period of time. Still, other investigators have shown that levels of PAHs and PCBs in 40 matched samples of HVS3-sampled and household vacuum cleaner dusts were correlated and that median concentrations from both dust collection methods were similar (Colt et al., 2008) . Differences in chemical concentrations measured in dust from the two collection methods are most pronounced when indoor chemical sources vary from room-to-room within a household. There is some evidence that a subject's biological levels of indoor contaminants may be more closely correlated to chemical concentrations measured in dust taken from their household vacuum cleaners than in dust collected from elevated surfaces in their living room (Bjorklund et al., 2010) .
Once residential dust has been collected, it is generally sieved to remove large debris using sieves with cut points ranging from 150 mm to 2 mm. Investigators have used at least four methods to extract PBDEs, PCBs, and PAHs from fine dust, namely, Soxhlet extraction, accelerated solvent extraction, sonication, and microwave-assisted extraction. Typically, chemical extraction of these three chemical classes from dust employs some combination of solvents, including hexane, acetone, diethyl ether, methylene chloride, and toluene, with hexane being used most commonly. Dust extracts are generally cleaned using column chromatography with silica, acid silica, florisil, or alumina (or some combination of these adsorbents). Additional clean-up is sometimes achieved through filtration, centrifugation, treatment with sulfuric acid, or gel permeation chromatography. Purified and concentrated dust extracts have been analyzed almost exclusively via gas chromatography-mass spectrometry (GC-MS).
these chemicals are likely to persist in the indoor environment for decades because of the ubiquitous presence of PBDEtreated consumer goods.
Globally, PBDE consumption has varied by the quantities and mixtures of PBDEs used. Table 1 shows the regional consumption of the three commercial PBDE mixtures reported in 2001 (Birnbaum and Staskal, 2004) . Specifically, in 2001, the Americas consumed 47-fold, 2-fold, and 3-fold times more Penta-BDE, Octa-BDE, and Deca-BDE, respectively, than did Europe. Correspondingly, the Americas consumed 47-fold more Penta-BDE than Asia, but consumed comparable amounts of Octa-BDE and Deca-BDE mixtures. Although there is no readily available information regarding the use of PBDEs by country or state, there has likely been substantial regional variation. For example, the United Kingdom (Harrad et al., 2008b) and California (Zota et al., 2008) have stringent flammability standards that indirectly promote the use of Deca-DBE and Penta-BDE.
Global Patterns in PBDE Levels Measured in Residential Dust
As illustrated in Table 2 , levels of PBDEs measured in residential-dust worldwide correspond with historical PBDE consumption. As expected, studies of dust from regions that reported use of Deca-BDE mixtures found high median concentrations of BDE-209, and studies of dust from regions that reported use of Penta-BDE mixtures found high median concentrations of BDE-47 and BDE-99.
In Figure 1 , we summarize the available data presented in Table 2 by plotting the median value of the BDE-99 dust concentrations versus that of the BDE-209 dust concentrations for each study with at least four independent PBDE measurements. A global pattern of contamination emerges, as data from various regions of the world cluster together. Specifically, several studies that sampled homes in the United States reported median dust concentrations of at least 1 mg/g for BDE-209 and at least 0.1 mg/g for BDE-47 and BDE-99 (Stapleton et al., 2005; Sjodin et al., 2008; Allen et al., 2008a; Harrad et al., 2008b; Imm et al., 2009; Wei et al., 2009; Johnson et al., 2010; Webster et al., 2010; Whitehead et al., 2010) . In contrast, studies conducted in continental Europe reported median dust concentrations o1 mg/g for BDE-209 and o0.1 mg/g for BDE-47 and BDE-99 (Knoth et al., 2003; Santillo et al., 2003a, b; Al Bitar, 2004; Karlsson et al., 2007; Regueiro et al., 2007; Sjodin et al., 2008; Fromme et al., 2009; Roosens et al., 2009; Cunha et al., 2010; D'Hollander et al., 2010; Vorkamp et al., 2011) . Studies from the United Kingdom have reported the highest median concentrations of BDE-209 in dust, with estimated median values from five studies ranging from 2.8 to 10 mg/g (Santillo et al., 2003a; Pless-Mulloli et al., 2006; Sjodin et al., 2008; Harrad et al., 2008a, b) . Levels of BDE-47 and BDE-99 in these U.K. studies were similar to those from continental Europe (i.e., o0.1 mg/g).
Although few studies of PBDE in dust have been conducted in other areas of the world, the data suggest that median PBDE dust concentrations in Australia (Sjodin et al., 2008; Toms et al., 2009a, b) , New Zealand (Harrad et al., 2008b) , and Kuwait (Gevao et al., 2006) are relatively low. Two studies from China (Huang et al., 2010; Wang et al., 2010) and one from Singapore (Tan et al., 2007b) reported median BDE-209 concentrations of at least 1 mg/g in dust.
In contrast, studies from Japan (Suzuki et al., 2006; Kono et al., 2007; Takigami et al., 2009 ), the Philippines (Malarvannan et al., 2010) , and Thailand (Muenhor et al., 2009 ) reported lower levels of PBDEs. The relatively high levels of BDE-209 measured in China likely resulted from residential use of PBDE-treated products as well as industrial application of PBDEs in local electronics manufacture with subsequent environmental contamination (Wang et al., 2010) .
Notably, two studies of PBDE dust levels from California (Hwang et al., 2008; Zota et al., 2008) are absent from Figure 1 , because BDE-209 was not analyzed. These two studies have reported some of the highest median concentrations of BDE-47 (2.7 and 2.7 mg/g, respectively) and BDE-99 (4.4 and 3.8 mg/g, respectively) in residential dust. As noted, these BDE congeners were likely found at high levels in California because of the extensive use of Penta-BDE mixtures to treat furniture in order to comply with the state's flammability standard (Technical Bulletin 117, 2000) .
In Table 2 , we omitted several additional studies (Sharp and Lunder, 2004; Fabrellas et al., 2005; Wenning et al., 2006; de Wit et al., 2008; Kalachova et al., 2009; Tue et al., 2009; Bjorklund et al., 2010; Dirtu and Covaci, 2010; Stapleton et al., 2010; Roosens et al., 2010b) , which measured PBDEs in residential dust, but did not report median concentrations of individual PBDE congeners. For the most part, the findings from these studies were qualitatively similar to those in Table 2 , as studies from the United States (Sharp and Lunder, 2004; Wenning et al., 2006; Stapleton et al., 2010) found relatively high concentrations of the sum of PBDEs (average of the sum of 13 PBDEs ¼ 4629 ng/g, median of the sum of 17 PBDEs ¼ 11,900 ng/g, and geometric mean of the sum of 39 PBDEs ¼ 10,050 ng/g, respectively) compared with Residential-dust contaminantsstudies from Belgium (Fabrellas et al., 2005; Roosens et al., 2010b ) (median of the sum of 22 PBDEs ¼ 125 ng/g and median of the sum of 5 PBDEs ¼ 29 ng/g, respectively), the Czech Republic (Kalachova et al., 2009 ) (range of the sum of 16 PBDEs: 81-3828 ng/g), Italy (Fabrellas et al., 2005) (median of the sum of 22 PBDEs ¼ 286 ng/g), Portugal (Fabrellas et al., 2005 ) (median of the sum of 22 PBDEs ¼ 91 ng/g), Romania (Dirtu and Covaci, 2010) (median of the sum of 8 PBDEs ¼ 495 ng/g), Spain (Fabrellas et al., 2005) (median of the sum of 22 PBDEs ¼ 98 ng/g), Sweden (de Wit et al., 2008; Bjorklund et al., 2010 ) (median sum of 10 PBDEs ¼ 510 ng/g in houses and median sum of 16 PBDEsB400 ng/g in household vacuum cleaner dust), and Vietnam (Tue et al., 2009 ) (median of the sum of 14 PBDEs ¼ 220 ng/g).
Importance of Residential Dust as a Source of PBDE Exposure
Several investigators have observed that biological PBDE levels measured in various populations mirror the global patterns in PBDE dust concentrations (Sjodin et al., 2008; Zota et al., 2008; Harrad et al., 2008b) . Indeed, it is likely that the relatively high levels of PBDEs measured in blood and breast milk from North Americans compared with Europeans are the result of higher concentrations of PBDEs in North American household dust (Frederiksen et al., 2009 ).
In support of this hypothesis, researchers have also measured PBDEs in matched samples of dust and biological material (i.e., serum, plasma, and breast milk) and reported positive associations between subjects' household dust PBDE levels and their corresponding biological levels. Such Median values were not reported; we calculated medians from reported raw data for use in this table.
c Median values were not reported; we used reported geometric means in place of medians in this table.
d Additional data from this reference are available; for Allen et al. (2008a) we present only data for dust collected by high-volume surface sampler in the living room, for Johnson et al. (2010) we present data from the first round of dust sampling for which more BDE congeners were analyzed, for Wei et al. (2009) we present data from the first round of dust sampling.
e Median values for individual congeners were not reported; we inferred maximum median values from reported group medians (i.e., the median for BDE-47 must be less than the reported median for all tetra-BDEs).
f
The number of dust samples analyzed includes ''pooled'' samples that were amalgamations of dust from several households.
g Maximum values were not reported; we inferred minimum maximum values from reported 95th percentiles. (2010) were not reported, we inferred maximum median values from reported group medians (i.e., the median for BDE-47 must be less than the reported median for all tetra-BDEs).
associations were observed in geographical regions with both low and high levels of PBDE in dust. In the United States, concentrations of PBDEs in household dust were positively correlated with matched levels of PBDEs in serum (Johnson et al., 2010) and breast milk (Wu et al., 2007) , as well as with various reproductive hormone levels in serum (Meeker et al., 2009) . Similarly, two studies from Europe (Karlsson et al., 2007; Frederiksen et al., 2010 ) observed significant relationships between PBDE levels in dust and plasma and one study from Sweden observed an association between PBDE levels in dust and breast milk (Bjorklund et al., 2010) . In contrast, two studies from the United States (Sharp and Lunder, 2004; Imm et al., 2009) , two from Europe (Fromme et al., 2009; Roosens et al., 2009) , and one study from Australia (Toms et al., 2009b) were unable to detect positive associations between PBDEs measured in dust and matched biological samples. Two of these studies had only 10 subjects (Sharp and Lunder, 2004; Toms et al., 2009b) , three did not measure (Fromme et al., 2009) or could not detect (Imm et al., 2009; Roosens et al., 2009 ) BDE-209 (the most abundant PBDE measured in dust in these three studies) in serum, and two observed that dust was a minor contributor to overall PBDE intake (Fromme et al., 2009; Roosens et al., 2009) .
The positive associations observed between PBDE levels in dust and biological samples suggest that dust is an important source of PBDE exposure worldwide. The estimated intake of PBDEs attributed to residential-dust exposure has varied widely within and between regions, but estimates from North America (Jones-Otazo et al., 2005; Stapleton et al., 2005; Wilford et al., 2005; Lorber, 2008; Harrad et al., 2008b; Johnson-Restrepo and Kannan, 2009; Wei et al., 2009) and Asia (Tan et al., 2007b; Wang et al., 2010) are generally higher than estimates from Europe (Fromme et al., 2009; Cunha et al., 2010; Dirtu and Covaci, 2010; D'Hollander et al., 2010; Harrad et al., 2006 Harrad et al., , 2008b Harrad et al., , 2010b Roosens et al., 2009 Roosens et al., , 2010b .
Estimates of the relative contribution of dust to overall PBDE intake also vary somewhat across regions of the world. Two studies from Belgium (Roosens et al., 2009 and one from Germany (Fromme et al., 2009) suggest that residential-dust ingestion was likely responsible for o3% of overall PBDE exposure in European adults. In contrast, two studies from Canada (Jones-Otazo et al., 2005; Wilford et al., 2005) estimated that dust ingestion contributed 14 and 65% of the total PBDE intake for adults, while two U.S. studies (Lorber, 2008; Johnson-Restrepo and Kannan, 2009 ) estimated that dust exposure contributed 56% and 82% of adult intake (via dust ingestion and dermal contact combined), and an Asian study (Wang et al., 2010) estimated dust ingestion contributed 79% of adult intake. On the basis of these estimates, residential dust is expected to be the most important source of PBDE exposure for adults in geographical regions with relatively high PBDE dust levels (e.g., the United States and Asia). Moreover, children worldwide receive an even larger proportion of their total PBDE intake via dust ingestion compared with their adult counterparts (Jones-Otazo et al., 2005; Stapleton et al., 2005; Wilford et al., 2005; Tan et al., 2007b; Harrad et al., 2006 Harrad et al., , 2008b Johnson-Restrepo and Kannan, 2009; Kalachova et al., 2009; Wei et al., 2009; Cunha et al., 2010; Dirtu and Covaci, 2010; D'Hollander et al., 2010; Wang et al., 2010) .
In summary, the available literature indicates that residential dust is an important contributor to PBDE intake in regions with heavy use of PBDEs. This suggests that levels of PBDEs in residential dust can be useful surrogates of total PBDE exposures in epidemiological studies.
Determinants of PBDE Levels in Residential Dust
PBDEs have been incorporated into a myriad of household goods, including televisions, computers, and various other electric appliances as well as drapes, carpet, and furniture containing foam (Bromine Science and Environmental Forum, 2006) . PBDEs can be transferred from household items to indoor dust either as miniature fragments of foam or textiles via abrasion and weathering (Webster et al., 2009) or following vaporization of PBDEs from hot surfaces in electronics with subsequent adsorption on dust particles (Kose et al., 2008; Suzuki et al., 2009) .
Few studies have successfully detected significant associations between levels of PBDEs in residential dust and the number of potentially PBDE-treated items in residences. In fact, of 14 studies that inventoried the number of foamcontaining pieces of furniture, the number of electronic devices, and/or the typical use of electronic devices in study residences (Sharp and Lunder, 2004; Gevao et al., 2006; Suzuki et al., 2006; Karlsson et al., 2007; Wu et al., 2007; Tan et al., 2007b; Harrad et al., 2008a, b; Batterman et al., 2009; Imm et al., 2009; Roosens et al., 2009; Toms et al., 2009b; Cunha et al., 2010; Huang et al., 2010) , only Suzuki et al. (2006) reported significant associations between these covariates and PBDE levels in dust. These investigators reported significant correlations between total electrical appliance usage and dust concentrations of tetra-, Penta-, and hexa-BDE homolog groups across 19 households and 3 office buildings (Suzuki et al., 2006) . One possible explanation for the paucity of positive associations is the wide range in bromination levels in similar consumer products (Allen et al., 2008b; Imm et al., 2009; Takigami et al., 2009 ). Allen et al. (2008b) used X-ray fluorescence to identify brominecontaining household goods and illustrated that by excluding furniture without bromine from counts of PBDE-treated items, it was possible to measure a positive association between the number of electronic items and Deca-BDE congeners as well as between the number of foam-containing furniture items and Penta-BDE congeners.
Investigators have examined other household characteristics (i.e., residence age, type, and size; flooring, ventilation, and cleaning practices), but have identified few determinants of PBDE dust levels (Wilford et al., 2005; Gevao et al., 2006; Karlsson et al., 2007; Tan et al., 2007b; Allen et al., 2008a; Imm et al., 2009; Toms et al., 2009a, b; Cunha et al., 2010) . Stapleton et al. (2005) found a significant negative correlation between the residence square footage and the contribution of BDE-209 to the total PBDE dust concentrations. Similarly, de Wit et al. (2008) reported that median dust concentrations of BDE-209 were higher in apartments than in houses. In addition, Zota et al. (2008) found that residential dust collected from households in a low-income community in California had higher PBDE levels than dust from a more affluent California community.
Polychlorinated biphenyls
As a result of their non-flammability and electrical insulation properties, PCBs were used as coolants and lubricants in transformers, capacitors, and other electrical equipment and in a host of consumer products, including fluorescent lights, televisions, and refrigerators (Agency for Toxic Substances and Disease Registry, 2001). Owing to concerns for human health, PCB production and use were restricted by various international regulations beginning in the 1970s (Koppe and Keys, 2002) . Still, because of the widespread use of PCBs, their persistence in the environment, and their bioaccumulation through the food chain, these chemicals are still ubiquitous in residences around the world.
Three estimates of global PCB manufacture indicate that cumulative worldwide PCB production topped 1 million metric tons in 1980 (Dobson and van Esch, 1993 ) and reached somewhere between 1.3-1.5 million metric tons by the time PCBs were entirely phased out of production in 1993 (Koppe and Keys, 2002; Breivik et al., 2007) . Historically, the countries that have manufactured the most PCBs are the United States, Russia, Germany, France, the United Kingdom, and Japan, which produced 642, 174, 159, 135, 67, and 59 thousand metric tons of PCBs, respectively, by 1993 (Breivik et al., 2007) . Similarly, many of these nations were also major consumers of PCBs; with the United States consuming the largest portion (46%) of the world's PCBs, followed by Russia (8%), Germany (7%), Japan (4%), and France (4%) (Breivik et al., 2002) .
The worldwide restriction of PCB production was implemented at different times in various countries. In 1973, member countries of the Organization for Economic Co-operation and Development (OECD), restricted production of PCBs to certain applications (Koppe and Keys, 2002) . Japan and the United Kingdom banned production of PCBs in 1972 PCBs in and 1978 PCBs in , respectively, and in 1976 , the United States congress passed the Toxic Substances Control Act, which phased out all United States production of PCBs by 1979 (Koppe and Keys, 2002) . In the 1980s, limited PCB production continued in Germany and France (Dobson and van Esch, 1993) ; but a more stringent OECD decision in 1987 led to the cessation of all production, import, export, or sale of PCBs from these countries as well (Koppe and Keys, 2002) . Russia was the last major producer to phase-out PCB production (in 1993) (Breivik et al., 2007) .
Global Patterns in PCB Levels Measured in Residential Dust
As shown in Table 3 , recently reported levels of PCBs measured in residential dust from around the world correspond with reports of cumulative PCB production and consumption. Specifically, PCB concentrations measured in dust from the United States (Camann et al., 2000; Rudel et al., 2003; Wilson et al., 2003; Colt et al., 2005; Harrad et al., 2009; Hedgeman et al., 2009; Ward et al., 2009; Whitehead et al., submitted) ; are generally higher than those measured in dust from the United Kingdom , Japan (Saito et al., 2003; Takigami et al., 2009 ), Singapore (Tan et al., 2007a) , and New Zealand ). The relatively high levels of PCBs that were measured recently in residential dust from the United States reflect the high use of PCBs in the United States before 1979. In the only study of Canadian residences, dust levels of PCBs were comparable to those in the United States . Although levels of Canadian PCB production were insignificant, Canada was the sixth largest PCB consumer worldwide (Breivik et al., 2002) . In Table 3 , we omitted five additional studies (Vorhees et al., 1999; Hwang et al., 2008; Tue et al., 2009; Dirtu and Covaci, 2010) , which measured PCBs in residential dust, but did not report individual PCB congener concentrations. Findings from these studies were qualitatively similar to those in Table 3 , as the two studies from the United States (Vorhees et al., 1999; Hwang et al., 2008) found relatively high median concentrations of the sum of PCBs (sum of 65 PCBs ¼ 710 ng/g and sum of 54 PCBs ¼ 38.0 ng/g, respectively) compared with studies from Belgium (Roosens et al., 2010a ) (sum of 5 PCBs ¼ 17.2 ng/g), Romania (Dirtu and Covaci, 2010 ) (sum of 8 PCBs ¼ 26.5 ng/g), and Vietnam (Tue et al., 2009 ) (sum of 34 PCBsB10 ng/g). In Figure 2 , we summarize the available data presented in Table 3 and show median dust concentrations reported from each study for any of 5 major PCB congeners (PCBs 105, 118, 138, 153, or 180 ) that were detected in at least 50% of dust samples.
Importance of Residential Dust as a Source of PCB Exposure
Dust ingestion is generally considered to be a minor source of PCB intake in adults Dirtu and Covaci, 2010; Roosens et al., 2010a) . Roosens et al. (2010a) estimated that dust ingestion was responsible for o1% of overall PCB intake in Belgian adults and found no positive associations between PCB dust levels and PCB serum levels in matched samples. Dirtu and Covaci (2010) estimated that Table 3 . Median and maximum concentrations (in ng/g) of major polychlorinated biphenyl congeners in residential dust reported in recent publications. e Median values for individual congeners were not reported; we inferred maximum values for medians and maximums from reported group data (i.e., the median for PCB-105 must be less than the reported median for all penta-chlorinated biphenyls).
Residential-dust contaminantsdust was responsible for only 1% of total PCB intake in Romanian adults. Harrad et al. (2009) reported low contributions from dust ingestion to overall PCB intake in adults from Canada (2.4%), New Zealand (0.6%), the United Kingdom (0.2%), and the United States (1.9%). Still, one large study (N ¼ 764) reported an association between matched PCB-126 concentrations measured in household dust and serum PCB-126 levels (Garabrant et al., 2010) . Children are generally exposed to a relatively large proportion of their total PCB intake via dust ingestion compared with adults. Indeed, estimates of the relative contribution of dust ingestion to overall PCB intake for toddlers were 12.5%, 3.6%, 1.2%, and 9.9% for children from Canada, New Zealand, the United Kingdom, and the United States, respectively ). In the most extreme scenario, a Canadian toddler living in a home with a PCB concentration at the 95th percentile of Canadian residences could receive more than half of his or her overall PCB intake via dust ingestion ). On the other hand, Wilson et al. (2003) reported that inhalation and dietary ingestion were more substantial sources of PCBs for American children than dust ingestion.
In summary, the available literature indicates that residential dust is generally a minor contributor to PCB intake. Still, for some young children living in highly contaminated homes, dust may contribute substantially to PCB intake. This suggests that levels of PCBs in residential dust could be useful surrogates of total PCB exposures in studies of childhood diseases.
Determinants of PCB Levels in Residential Dust
Recently, investigators have reported high concentrations of PCBs in dust associated with certain construction materials, such as caulking (Herrick et al., 2004) and wood floor finish , as well as with a PCB-contaminated fluorescent light ballast (Seidel et al., 1996) and a PCBcontaminated carpet pad (Franzblau et al., 2009) . The prevalence of these particular PCB sources in residences is unknown; however, they are unlikely to be relevant in most homes. Ratios of indoor to outdoor PCB concentrations suggest that indoor PCB sources contribute substantially to PCB dust levels (Vorhees et al., 1999; Rudel et al., 2003; Wilson et al., 2003 ); yet, investigators have had little success identifying demographics, household characteristics, or typical household items that have an impact on PCB dust concentrations (Vorhees et al., 1999; Wilson et al., 2003; Tan et al., 2007a; Roosens et al., 2010a) .
Two studies from the United States have found evidence that dust from older homes or older floors is more likely to contain high levels of PCBs (Colt et al., 2005; Lee et al., 2007) . Colt et al. (2005) reported that, in multivariable linear regression models, the age of the residence was associated with total (logged) PCB dust concentrations (sum of PCBs 105, 138, 153, 170, and 180), with the highest levels found in residences built before 1960 and the lowest in residences built after 1980. Similarly, in the largest analysis of PCB determinants, Lee et al. (2007) reported that PCB concentrations (PCBs 77, 81, 105, 114, 118, 123, 126, 156, 157, 167, 169 , and 189) were significantly associated with floor age in dust from 764 Michigan households.
Additionally, Lee et al. (2007) identified several factors that were associated with increased concentrations of PCBs in dust, including the presence of high-pile carpet, the presence of a vegetable or flower gardens, and elevated PCB concentrations in outdoor soil. In contrast, having a dog at the residence and increased dust loading (i.e., mass of dust per square meter of floor area), were associated with decreased concentrations of PCBs (Lee et al., 2007) . Still, even the most comprehensive multivariable model only explained 37% of the variability of PCB concentrations in residential dust (Lee et al., 2007) .
Polycyclic aromatic hydrocarbons
PAHs are molecules with two or more fused aromatic rings that are formed as products of incomplete combustion. Humans are exposed to PAHs from a variety of indoor sources including cigarette smoke, wood-burning fireplaces, gas appliances, and charred foods, as well as to outdoor sources, including vehicle exhaust (Agency for Toxic Substances and Disease Registry, 1995) and treatment of pavement with coal-tar-based sealants (Mahler et al., 2010) . Seven PAHs that have been classified by the U.S. Table 4 shows summary statistics reported from studies measuring PAHs in residential dust. Figure 3 shows median PAH dust concentrations reported for several studies from the United States (Chuang, 1996; Chuang et al., 1997 Chuang et al., , 1999 Murkerjee et al., 1997; Camann et al., 2000; Rudel et al., 2003; Wilson et al., 2003; Egeghy et al., 2005; Whitehead et al., 2011; Mahler et al., 2010) . As illustrated in Figure 3 , there appear to be regional patterns in PAH levels across the U.S. Studies from the Northeastern United States, specifically, from New York (Camann et al., 2000) , Massachusetts (Rudel et al., 2003) , and Maryland (Egeghy et al., 2005) , reported much higher PAH concentrations in residential dust, than those in the Western United States, especially California and Arizona (Chuang et al., 1997; Camann et al., 2000; Whitehead et al., 2011) . We consider the following possible explanations for these differences in PAH levels: (1) differential prevalence of cigarette smoking, (2) differential use of gas/coal/ wood-burning heat sources, (3) differential automobile traffic densities, and (4) differential use of coal-tar to seal parking lots and roads.
Regional Patterns in PAH Levels Measured in Residential Dust
The Center for Disease Control and Prevention (CDC) has estimated the prevalence of cigarette smoking in each state for the years 1998-2007 (Centers for Disease Control and Prevention (CDC), 2009). In univariate regression analyses, we compared the median dust concentrations of benzo(a)anthracene and benzo(a)pyrene reported from each study with the relevant state smoking prevalence rate reported by the CDC for the year 2000. There was no evidence of correlation between the smoking rates and the PAH levels in dust (see Figure 4a ).
Ambient temperature is one possible surrogate for the indoor use (in terms of frequency and duration) of gas/coal/ wood-burning heat sources. We obtained historic average temperatures for 1 January for each study location (The Weather Channel, 2010 ) and compared these representative winter day temperatures with the median dust concentrations of benzo(a)anthracene and benzo(a)pyrene reported from each study. In univariate regression analyses, there was no apparent correlation between the mean January 1st temperatures for the study locations and the corresponding PAH dust levels (see Figure 4b) .
Population density is a simple surrogate for automobile traffic density and similarly for PAH emissions from automobiles. We obtained estimates of state-, county-, or metropolitan-wide population density from the U.S. Census to represent each study location (U.S. Census Bureau, Population Division, 2010) . In univariate regression analyses, we compared the representative population density for each study with the corresponding median dust concentrations of benzo(a)anthracene and benzo(a)pyrene and observed a suggestive positive association (see Figure 4c) . Our simple ecological comparison of median dust concentrations reported from various studies in the United States suggest that regional PAH levels may vary geographically based on population density and we hypothesize that indoor dust PAH levels are higher in densely populated areas because of automobile traffic.
No data were publicly available regarding the regional use of coal-tar as an asphalt sealcoat in the United States. However, a national survey of parking lot dust suggests that coal-tar is used less frequently west of the Rocky Mountains (Van Metre et al., 2009) . Thus, infrequent use of coal-tar for sealing pavement in the Western United States could have contributed to the lower PAH concentrations reported for residential dust from California, Arizona, and Washington (Chuang et al., 1997; Camann et al., 2000; Whitehead et al., 2011) .
Importance of Residential Dust as a Source of PAH Exposure
Several researchers have estimated the relative contribution of residential-dust ingestion to total PAH exposure (Chuang et al., 1999; Gevao et al., 2007) . Inadvertent dust ingestion contributed an estimated 42% of non-dietary PAH intake for children and 11% for adults (Gevao et al., 2007) . Dust is a particularly important source of exposure to the seven PAHs classified as probable carcinogens by the EPA, with inadvertent dust/soil ingestion contributing 24% of the total intake (including diet) of these PAHs for children and 7% for adults (Chuang et al., 1999) .
Determinants of PAH Levels in Residential Dust
Investigators have reported that PAH dust concentrations were higher in urban compared with rural homes (Chuang et al., 1999; Maertens et al., 2004; Mannino and Orecchio, 2008) , in smoking compared with non-smoking homes (Maertens et al., 2004; Mannino and Orecchio, 2008) , in spring compared with summer (Murkerjee et al., 1997) , and in homes with decreased cleaning frequency (Maertens et al., 2008) . In the largest study of determinants of PAH in residential dust (N ¼ 583), investigators found that PAH concentrations were associated with residence age, the presence of gas heating (as opposed to electric heating), and estimated outdoor PAH air concentrations (Whitehead et al., 2011) . A recent study of dust from apartments in Texas found that residences adjacent to parking lots, which had been sealed with coal-tar containing products, had a median total PAH (sum of 16 PAHs) dust concentration (129 mg/g) that was 25 times higher than that for residences adjacent to f Dust sample analyzed was a ''pooled'' sample that was an amalgamation of dust from several households. g Additional data from Murkerjee et al. (1997) is available; we present only data for dust collected in the spring.
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parking lots that had not been sealed with coal-tar containing products (5.1 mg/g) (Mahler et al., 2010) . One German study also observed increased PAH dust levels in homes containing parquet floor, which had been installed with adhesives containing tar (Hansen and Volland, 1998) .
Discussion

Estimating Exposures to Indoor Contaminants using Residential Dust
Residential dust appears to be an important source of exposure to PBDEs, PCBs, and PAHs. In fact, dust exposure may be the dominant source of PBDEs (i.e., 450% of total PBDE intake) for individuals from North America and Asia (Jones-Otazo et al., 2005; Lorber, 2008; Johnson-Restrepo and Kannan, 2009; Wang et al., 2010) . Similarly, inadvertent dust ingestion could be responsible for a large proportion of overall intake of the less volatile PAHs, especially those PAHs considered to be carcinogenic (Chuang et al., 1999; Gevao et al., 2007) . Although dust exposure appears to have a more minor role in the intake of PCBs in most populations, individuals exposed to dust with high PCB concentrations can still receive a substantial portion of their PCB intake via residential dust . Dust is a particularly important source of chemical exposure for young children because of their hand-to-mouth behavior. Taken together, these findings support the use of residential dust as a medium to measure chemical exposures in epidemiological studies. Additionally, researchers have had only limited success in finding determinants of chemical levels in residential dust. Even when collecting comprehensive survey information about residence characteristics, investigators have failed to identify strong predictors of PBDE (Wilford et al., 2005; Gevao et al., 2006) , PCB (Lee et al., 2007) , or PAH (Whitehead et al., 2011 ) levels in dust. As questionnairebased exposure surrogates are poor predictors of indoor levels of chemical contamination, they are also likely poor predictors of exposure. As such, we encourage epidemiologists to consider using residential-dust measurements instead of, or in addition to, questionnaires for evaluating exposures to PBDEs, PCBs, and PAHs.
There are some limitations in using dust for assessing chemical exposures. In geographic areas with low dust contamination, levels of chemicals measured in residential dust may be less relevant surrogates for chemical exposure than other markers (i.e., air measurements). Moreover, if a subject has relocated from a previous residence, current concentrations of chemicals measured in dust are not likely to be relevant surrogates of past chemical exposures. As such, measuring dust contamination may be less effective in residentially mobile populations.
There is limited information regarding how concentrations of PBDEs, PCBs, and PAHs vary across time and space within a household (Egeghy et al., 2005; Allen et al., 2008a; Harrad et al., 2008a; Vorkamp et al., 2011; Whitehead et al., submitted) . Over short intervals, there is some evidence that repeated dust samples from the same households have consistent concentrations of chemicals and that concentrations from different sampling rounds are correlated (Allen et al., 2008a; Vorkamp et al., 2011; Whitehead et al., submitted) . However, it is not clear if a single dust measurement can effectively represent indoor contamination from the distant past (e.g., over a period of years), as would be necessary when performing retrospective exposure assessment. 
Future Opportunities
There have been few studies that reported levels of PBDEs, PCBs, or PAHs in residential dust from geographic regions outside of North America or Western Europe. Reports of residential-dust levels from the developing world are particularly sparse. Indeed, we were unable to find any studies from Africa or South America that measured PBDEs, PCBs, or PAHs in household dust. The ease with which residential-dust samples can be obtained (via vacuum cleaner bags or brushes) creates an opportunity to use dust as a medium for measuring indoor chemical contamination in the developing world. Generally, chemical dust analyses employ GC-MS methods, which require equipment that may not be available in developing countries. Fortunately, dust can easily be collected from one location and analyzed in another (Harrad et al., 2008b) . Given suitable protection from light and high temperatures, dust can be shipped to distant laboratories for chemical analysis without compromising sample quality. It would be particularly interesting to measure dust levels in the developing world given the paucity of data concerning the production or consumption of hazardous chemicals in these regions.
Conclusions
We have reviewed the literature regarding concentrations of PBDEs, PCBs and PAHs in residential dust. Dust levels of PBDEs and PCBs varied geographically based on historic patterns of production and use of these chemicals. Furthermore, we offered evidence that concentrations of PAHs in residential dust may vary across the United States because of geographic differences in traffic density or possibly, the use of coal-tar for sealing pavement. We recommend that further research be performed to fill the gaps of knowledge regarding levels of PBDEs, PCBs, and PAHs in residential dust from developing countries.
We also reviewed the available literature on determinants of dust concentrations of PBDEs, PAHs, and PCBs. As questionnaire-based exposure surrogates generally seem to be poor predictors of exposure to PBDEs, PAHs, and PCBs, we encourage epidemiologists to consider using residential-dust measurements to estimate exposures to these chemicals.
Additionally, we found that residential dust can be a significant source of uptake of PBDEs, PCBs, and PAHs into the body, especially for individuals living in households with highly contaminated dust and for young children. Our findings support the use of residential dust as a medium to measure chemical exposures in epidemiological studies.
